In Bartter's syndrome, the defective renal tubular transport has been postulated to be a manifestation of a more generalized membrane abnormality. To explore this possibility, sodium concentration, ouabain-sensitive (pump transport), ouabain-resistant but furosemide-sensitive (Na-K-Cl cotransport), and ouabain-and furosemide-resistant (passive transport) 22Na effluxes were measured in erythrocytes obtained from nine patients with Bartter's syndrome before and during correction of hypokalemia. Intracellular [Na+] in erythrocytes obtained from nine patients with Bartter's syndrome was significantly (P less than 0.001) higher than that in 30 normal controls (11.8 +/-1.8 vs. 7.3 +/-1.4 mmol/liter cells). Pump transport and Na-K-Cl cotransport 22Na effluxes were significantly (P less than 0.01) increased, whereas the rate constant for these effluxes as well as for passive 22Na efflux did not differ from normal. Correction of hypokalemia and maintenance of a normal serum potassium decreased intracellular [Na+] to 8.2 +/-1.8 mmol/liter cells, a normal value, and corrected the ouabain-sensitive and furosemide-sensitive 22Na effluxes. The results indicate that exposure of erythrocytes to a low potassium environment is responsible for the high intracellular [Na+] and, in turn, the high sodium efflux in Bartter's syndrome. The normal sodium efflux observed during correction of hypokalemia and the consistently normal rate constants for all three efflux parameters measured suggest that intrinsic sodium transport processes in erythrocytes are normal in Bartter's syndrome.
Ab btract. In Bartter's syndrome, the defective renal tubular transport has been postulated to be a manifestation of a more generalized membrane abnormality. To explore this possibility, sodium concentration, ouabain-sensitive (pump transport), ouabain-resistant but furosemide-sensitive (Na-K-Cl cotransport), and ouabain-and furosemide-resistant (passive transport) 22Na effluxes were measured in erythrocytes obtained from nine patients with Bartter's syndrome before and during correction of hypokalemia. Intracellular [Na'] in erythrocytes obtained from nine patients with Bartter's syndrome was significantly (P < 0.001) higher than that in 30 normal controls (1 1.8±1.8 vs. 7.3±1.4 mmol/liter cells). Pump transport and Na-K-Cl cotransport 22Na effluxes were significantly (P < 0.01) increased, whereas the rate constant for these effluxes as well as for passive 22Na efflux did not differ from normal. Correction of hypokalemia and maintenance of a normal serum potassium decreased intracellular [Na+J to 8.2±1.8 mmol/ liter cells, a normal value, and corrected the ouabainsensitive and furosemide-sensitive 22Na effluxes. The results indicate that exposure of erythrocytes to a low potassium environment is responsible for the high intracellular [Na'] and, in turn, the high sodium efflux in Bartter's syndrome. The normal sodium efflux observed during correction of hypokalemia and the consistently normal rate constants for all -three efflux parameters measured suggest that intrinsic sodium transport processes in erythrocytes are normal in Bartter's syndrome. Introduction In 1962, Bartter et al. (1) described two patients with juxtaglomerular hyperplasia, hyperaldosteronism, renal potassium wasting, and hypokalemic alkalosis, but without hypertension or clinically evident edema or hypovolemia (1) . Although
Bartter's syndrome has been further characterized, the etiology is still unknown (2) . Various renal transport defects have been postulated as proximate causes of Bartter's syndrome and recent work from this laboratory using renal clearance techniques detailed a defect in chloride reabsorption in the loop of Henle in five patients with this syndrome (3). However, no investigator has directly studied renal tubular ion transport in Bartter's syndrome because isolating renal tubule segments from human kidneys is currently impractical and no appropriate animal model for the disease exists.
Erythrocytes are an easily accessible tissue whose membrane contains ion transport systems which may serve as models for epithelial ion pathways (4) . Several groups of investigators, postulating that a transport defect in the kidney tubule in Bartter's syndrome may result from a generalized membrane defect, have studied sodium transport in erythrocyte from these patients (5-9). They uniformly found that erythrocytes from patients with Bartter's syndrome contained an elevated intracellular sodium concentration. Furthermore All of the patients discontinued all medications except potassium chloride for at least 2 wk before study. They were hypokalemic when initially studied. Subsequently, their daily intake of KC1 was increased to 20-40 meq every 2-4 h to achieve and maintain a normal plasma K+ (3.3-4.6 meq/liter) for 12 h or longer before being restudied.
Except for oral potassium, all of the patients and controls fasted overnight preceeding the experimental procedure.
Experimental procedure. Venous blood was drawn into heparinized tubes between 8:00 and 10:00 a.m. All the experiments were begun within 30 min after the blood was drawn by centrifuging the sample at 3,000g for 5 min. The plasma was aspirated, the buffy coat discarded, and, in some experiments, a small sample of erythrocytes was removed to determine the intracellular sodium concentration. The remaining erythrocytes were washed three times with 30 ml of a solution that contained 148 mM sodium chloride, 5 mM potassium chloride, 200 mg/100 ml glucose, and 10.4 mM sodium phosphate, and had a pH of 7.4 at 370C (buffer). The cells were loaded with 22Na' by incubating them in a shaking water bath at 370C in buffer (hematocrit -12%) to which 22Na' had been added to give a concentration of I MCi/ml. Erythrocytes from eight eukalemic patients and six controls were also incubated in buffer from which KC1 had been omitted in order to raise the intracellular Na+ concentration. After a 2-h preincubation, a small aliquot of erythrocytes was removed to determine the intracellular sodium concentration; the remaining cells were washed three times with 3 ml of buffer to remove all extracellular 22Na'. The cells were then added to incubation flasks containing prewarmed media which consisted of either buffer alone, buffer with ouabain at a concentration of 10-4M, or buffer with ouabain at 10-4M and furosemide at 10-3M. It was necessary to add a few drops of 1 N NaOH to the flask containing furosemide to readjust the pH to 7.4. The hematocrit of each incubation flask was -4%. At the start of the incubation and, thereafter, at timed intervals of 20 min for 1 h, the suspensions were thoroughly mixed and an aliquot removed, the cells separated from the supernatant, and the radioactivity of the supernatant determined in a Beckman Gamma 9000 Spectrometer (Beckman Instruments, Fullerton, CA). At some time during the course of the incubation, an aliquot of each suspension was removed and mixed with an equal volume of water and one drop of a nonionic detergent (Cutscum; Fisher, Fairlawn, NJ) to hemolyze the erythrocytes for determination of the total counts present in the cell suspension. This measurement represented the radioactivity initially present in the cells.
The rate constant for 22Na' efflux (0k)' was calculated as described by Priestland and Whittam (I 1) from the samples taken at 0 and 60 min. The other intervening samples were taken to insure that°k was constant over I h for each experiment. Na+ efflux (°M) is the product of°k and the post-preincubation [Na,+]. Ouabain-sensitive Na+ efflux, EO,,b, equals°M -oMO°b, and furosemide-sensitive Na+ efflux, Efur, equals OMO°-oMfur. The rate constant for ouabain-and furosemideresistant Na+ efflux (kr) equals Ok°uab+fr. Pre-and post-preincubation [Najil were determined, using a modification of the method described 1. Abbreviations used in this paper:°k, rate constant for 22Na+; k,, rate constant for ouabain-and furosemide-resistant Na+ efflux; OM, Na+ efflux.
by Beilin et al. (12) , by centrifuging the samples in special tubes with an internal diameter of their lower half of 5 mm at 17,000 g for 5 min. The amount of trapped Na' was estimated to be 4.8% of the buffer Na' concentration. Several successive determinations of intracellular [Na'] in one individual comparing this method to one in which the extracellular Na' is reduced to an unmeasurable concentration by washing the cells in an isotonic but nominally Na'-free choline media yielded identical values. Cell H20 of the post-preincubation sample was determined by a gravimetric method previously described by Riddick et al. (13 (Fig. 1) .
When cells from eukalemic patients and controls were incubated in nominally K+-free media, the intraerythrocyte sodium concentration increased by 1.1-1.2 mmol/liter cells per h in both. Conversely, when cells from hypokalemic patients were incubated in media with a potassium concentra- (Table I ). The sensitive 22Na efflux did nc studied (Table II) 
The rate constant for 4 22Na efflux was also the sar
The patient (J.P.) who had sensitive efflux also had a va the normal range for this pa for these abnormalities in e is unknown. Although the sodium efflux did not diffe [Na]) concentration. Erythroc) patients were assayed for intra efflux after a 2-h preincubatioi from eukalemic patients were tion in either buffer (e) or buf (A) raerythrocyte sodium decreased by m effilux varied directly with the itration (Fig. 2) . The means of this eukalemic patients and the controls mean rate constants for ouabain-)t differ among any of the groups -an ouabain-resistant, furosemidertter's syndrome was significantly Ined a higher than normal intracelfrom the control population when passive sodium effilux was significantly higher in the eukalemic patients than in control subjects (0.71±0.29 vs. 0.47±0.13 mmol/liter cells per h, P < 0.05). This finding results from the insignificant but slightly higher mean [Nail in the eukalemic patients multiplied by the slightly higher kp.
Erythrocyte potassium and water also did not differ among any of the groups studied (data not shown).
Discussion LI (Table I) (17) . This net outflux requires the presence of sodium, potas- follows sigmoid kinetics when sodium efflux is related to internal sodium concentration (19) , and is inhibited by furove Na' efflux in erythrocytes from semide (20) . In addition, sodium can be transported from cells ne vs. the erythrocyte Na' (Red cell exposed to both ouabain and furosemide via an unknown ytes obtained from the hypokalemic mechanism but which behaves for the most part as a membrane cellular Na' and ouabain-sensitive Na mechanisms for the mosport of a omem n in buffer (o). Erythrocytes obtained leak (19) . Similar mechanisms for the transport of sodium similarly assayed after a 2-h preincubaoccur in epithelial tissues (21) including the loop of Henle T'er from which K+ had been omitted (22) , the putative location of the defect which causes Bartters syndrome (3). Several groups of investigators have used erythrocytes as potential tools with which to investigate these membrane transport processes in patients with Bartter's syndrome (5-9). In 1972, Gardner et al. (5) found that the rate constant for total sodium efflux was lower in 6 out of 8 patients with Bartter's syndrome than in a group of 16 normal subjects. However, subsequent investigators have consistently found the opposite, although only Oliver et al. (6) reported this difference to be statistically significant. The different findings of Gardner et al. (5) may result from an unusually high total sodium efflux rate constant in their control group. Oliver et al. (6) in a study of one family with five affected siblings, five unaffected siblings, and their unaffected parents further fractionated Na+ efflux into pump (ouabain-sensitive) and nonpump (ouabainresistant) rate constants. They reported an increase only in the nonpump fraction in patients with Bartter's syndrome. Gall et al. (7), by characterizing active sodium transport as that inhibited by ouabain plus ethacrynic acid and defining passive Na leak as the remaining nonsuppressible portion, reported that the rate constants for both active sodium transport and passive leak were elevated in one patient with Bartter's syndrome. Cole and O'Regan (8) confirmed the finding of a high rate constant for passive Na+ efflux in a group of five unrelated patients with Bartter's syndrome whom they compared with five matched controls. They also used ethacrynic acid to inhibit cotransport and to measure the residual passive transport. In a recently published study, Mongeau et al. (9) also reported that the rate constant for passive sodium permeability in five children with Bartter's syndrome was significantly greater than in four paired controls. These investigators measured ouabainand furosemide-resistant sodium efflux from sodium-loaded, potassium-depleted erythrocytes into a magnesium chloridesucrose medium.
In the present study, none of the rate constants for 22Na efflux for erythrocytes from patients with Bartter's syndrome differed from the control group. Although one patient (J.P.) consistently manifested a high passive sodium efflux rate constant as well as a high furosemide-sensitive sodium efflux, his brother (L.P.) had rate constants for passive and furosemidesensitive sodium efflux that were within the normal range. Therefore, a defect in erythrocyte sodium permeability in patient J.P. seems unlikely to be a specific feature of Bartter's syndrome in this family. The reason why the values for passive sodium efflux rate constants were supranormal in earlier studies cited above but were normal in the present study is unclear. In the study by Cole and O'Regan (8), two of their five patients manifested rate constants for passive sodium efflux similar to that of our patients, while only one of their patients manifested a value outside the relatively wide normal range we found for a population of 30 normal controls (0.05-0.14). It is difficult to directly compare our results with those of Mongeau et al. (9) because of methodological differences. The values for their five patients ranged from 0.018 to 0.039, and for their four controls, from 0.011 to 0.0 19. The even wider range of values we found in our larger control population suggests that the statistically significant results reported in both of the previously cited studies may have been due to their testing a relatively small number of subjects and controls. Apart from these studies in Bartter's syndrome, the only documented examples of which we are aware of a primary increase in erythrocyte membrane permeability have been in patients with varying degrees of hemolytic anemia (23) , which is not a feature of Bartter's syndrome.
None of the studies of erythrocyte sodium flux in Bartter's syndrome have shown an abnormality ofthe sodium-potassiumchloride cotransport system and we have confirmed this result in the present report. This system is of special interest since it shares many of the properties of the transport system in the thick ascending limb of the loop of Henle (24) , the postulated locus of the abnormal renal tubular chloride handling observed in patients with Bartter's syndrome (3) . No evidence for such a defect in membrane transport has been found in studies of erythrocyte sodium effilux.
In conclusion, the present studies confirm the finding of an elevated erythrocyte sodium concentration in patients with Bartter's syndrome. This abnormality appears to result from the hypokalemic state and not from an intrinsic erythrocyte membrane defect in sodium transport. In addition, the previous finding by others of an abnormality in passive sodium efflux in patients with Bartter's syndrome could not be confirmed.
